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(57) ABSTRACT 

Self-compensating, quasi-homeotropic liquid crystal devices 
overcome the contrast reducing effects of smaller pretilt 
angles. The devices exhibit extremely high contrast ratio but 
at the same time suppress fringe ?eld-induced disclination 
lines in pixel density and small pixel siZe quasi-homeo 
tropic displays. The surface pretilt and cell tWist angles are set 
at values that, in combination, contribute to establishing a 
cuspate singularity in the contrast ratio for normally incident 
light in response to a drive signal switching the liquid crystal 
device to the OFF director ?eld state that provides nearly 0% 
optical ef?ciency. The OFF director ?eld state corresponds to 
a subthreshold drive level that provides for the liquid crystal 
device self-compensation for in-plane optical retardation. 
Setting the cell gap (“d”) to provide substantially 100% opti 
cal ef?ciency in response to a value of the drive signal sWitch 
ing the liquid crystal device to the ON director ?eld state 
achieves optimal dynamic range for the liquid crystal device. 

17 Claims, 14 Drawing Sheets 
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SELF-COMPENSATING, 
QUASI-HOMEOTROPIC LIQUID CRYSTAL 
DEVICE WITH HIGH CONTRAST RATIO 

RELATED APPLICATIONS 

This application is a continuation of US. patent applica 
tion Ser. No. 12/375,899, ?led Jan. 30, 2009, and now US. 
Pat. No. 7,965,359, Which is a 371 of International Applica 
tion No. PCT/US07/74492, ?led Jul. 26, 2007, Which claims 
bene?t of US. Provisional Patent Application No. 60/835, 
586, ?led Aug. 3, 2006. 

TECHNICAL FIELD 

The present invention relates to liquid crystal devices and, 
in particular, to a quasi-homeotropic liquid crystal device that 
is con?gured to suppress disclination line defects and to self 
compensate for in-plane optical retardation and thereby 
exhibit an extremely high contrast ratio and rapid electro 
optic response. 

BACKGROUND INFORMATION 

Liquid crystal devices comprise tWo generally parallel sub 
strate surfaces that are spaced apart by a cell gap ?lled With a 
layer of liquid crystal material to form a liquid crystal cell. 
The substrates can be conditioned on their inner surfaces to 
de?ne the alignment of the liquid crystal directors contacting 
these surfaces. Use of liquid crystal devices is prevalent in 
display systems. In one category of liquid crystal display, 
electrodes for applying a longitudinal electric ?eld are 
located on the inner surface of each substrate, the liquid 
crystal material has a positive dielectric anisotropy, and the 
substrate inner surfaces are conditioned to cause the liquid 
crystal directors to align parallel to the surfaces or at a small 
angle relative to them. An example of such a display Would be 
the re?ective, self-compensating tWisted nematic (SCTN) 
mode display described by K. H.Yang, Eurodisplay, 449-451 
(1996). The SCTN display has a tWist angle from 60° to 65°, 
and the polarization direction of incident linearly polariZed 
light bisects the tWist angle of the SCTN cell. The name 
self-compensating is chosen because, in the electrically 
sWitched ON state, Which is the optically dark state, the phase 
shift introduced betWeen the linear polariZed light compo 
nents by the retardation of the upper boundary layer is modi 
?ed by the retardation of the loWer boundary layer such that 
the polariZation components are again in phase. An SCTN 
mode display is reported by Yang to have a contrast ratio 
exceeding 270. Although a contrast ratio of 270 Was consid 
ered in 1996 to be a high value, it Would noW be considered 
inadequate for front or rear projection TV applications, in 
Which contrast ratios of over 2000 are commonplace. 

In another category of liquid crystal displays, electrodes 
for applying a longitudinal electric ?eld are located on the 
inner surface of each substrate, the liquid crystal material has 
a negative dielectric anisotropy, and the substrate inner sur 
faces are conditioned to cause the liquid crystal directors to 
align vertically, or nearly vertically, to the plane of the sub 
strate surfaces and thereby form a surface tilt angle or pretilt 
angle up to 90°. These types of displays are referred to as 
Vertically Aligned (VA) mode, homeotropic, or quasi-ho 
meotropic displays and promise higher contrast ratios than 
those available in the SCTN mode. This category of display 
can operate in either the transmissive mode or the re?ective 
mode. An example of such a transmissive mode display 
Would be the screens used in many of the currently available 
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2 
?at panel computer monitors and TVs. Re?ective mode dis 
plays include certain Liquid Crystal on Silicon (LCoS) imag 
ing devices that are used in near-eye and projection applica 
tions. 
When the liquid crystal directors contacting the substrate 

surfaces are aligned perfectly vertical to the substrate sur 
faces, the surface noncontacting directors throughout the 
layer, including the layer midplane, are also aligned perfectly 
vertical. For this special case, there is no birefringence 
imparted to light propagating along the direction normal to 
the surfaces of the substrates. Light leakage in this state canbe 
very small across a pair of crossed polariZers, leading to an 
extremely high contrast ratio, because it is limited only by 
effectiveness of the light polariZer system used. HoWever, this 
perfectly vertical director con?guration is not practical for 
displays because, When an electric ?eld is applied to tilt the 
directors to sWitch the display to the ON or optically bright 
state, there is no de?ned direction for the directors to tilt. This 
tilt ambiguity leads to unpredictable domain lines and dark 
regions throughout the layer. 

This tilt ambiguity can be overcome by conditioning the 
substrate surfaces to decrease the pretilt angle from 90° to a 
smaller value, thereby breaking the symmetry and producing 
the so-called quasi-homeotropic director con?guration. Such 
a pretilt angle can be generated, for example, by coating the 
surface With a special polymer, such as the SE-1211 align 
ment polymer available from Nissan Chemical Industries, 
Ltd., and unidirectionally rubbing it With a velvet cloth. Alter 
natively, the substrate surface can be conditioned by vacuum 
deposition of a material such as SiO2 from one or more 
oblique angles. Applying an electric ?eld to such a quasi 
homeotropic structure results in a predictable and Well-de 
?ned director ?eld throughout the entire liquid crystal layer, 
leading to a uniformly bright display free from any domains 
or dark regions. But the introduction of a pretilt angle of less 
than 90° reduces the display contrast ratio because light 
propagating normally to the substrate surface planes encoun 
ters in-plane retardation, Which introduces light leakage in the 
electrically sWitched OFF or optically dark state. 

Although a pretilt angle very close to 90° is su?icient to 
break the vertical symmetry, an 85° or even smaller pretilt 
angle is generally needed in practical displays. This is so 
because in a practical display device, Whether it is a direct 
vieW TFT LCD device or a small form factor LCoS imaging 
device designed for HDTV, the display is comprised of many 
small pixels and the electric fringe ?elds generated betWeen 
the pixels can cause the surface noncontacting liquid crystal 
directors to tip in the Wrong direction and introduce objec 
tionable disclination domains. These domains introduce not 
only dark, objectionable patterns in a bright pixel, but also 
very long electro-optic responses that are highly undesirable 
and cause such phenomena as “tailing.” Smaller pretilt at 
substrate surfaces Will tend to suppress the appearance of the 
disclination lines that result from fringe ?elds. HoWever, even 
pretilt angles in the 85°-88° range also cause signi?cant 
decrease in contrast ratio. Such decrease in contrast ratio is 
likely to be even greater for LCoS imaging devices because 
the larger fringe ?elds generated by the smaller pixels may 
require pretilt angles as small as 75° to suppress the objec 
tionable domains. 

To make the situation Worse, the OFF state of the quasi 
homeotropic display is generally operated not at 0 volts but 
rather at a subthreshold drive voltage, V0, to secure an opti 
mal ON state drive voltage, V1, that lies Within the dynamic 
range limitations V1-V0 of the drive circuitry. A non-Zero 
subthreshold voltage introduces a further decrease in contrast 
ratio because, lacking a true threshold, the surface noncon 
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tacting directors are tilted even more than they Would be at 
Zero volts, Which further increases the in-plane retardation. 

SUMMARY OF THE DISCLOSURE 

Preferred embodiments of the disclosed liquid crystal 
device overcome the contrast reducing effects of a smaller 
pretilt angle in a quasi-homeotropic display, allowing for 
uniform, domain-free, high-brightness and fast-sWitching 
performance With an extremely high contrast ratio limited by 
the quality of the light polariZer system used. The preferred 
embodiments implement a device design that exhibits 
extremely high contrast ratio but at the same time suppresses 
fringe ?eld-induced disclination lines in high pixel density 
and small pixel siZe quasi-homeotropic displays, thereby 
eliminating sloW dynamics caused by such topological 
defects. The preferred embodiments achieve this perfor 
mance even When the dark state of the display is operating at 
a non-Zero, subthreshold OFF director ?eld state drive volt 
age, V0. 

Preferred embodiments overcome the contrast reducing 
effects of smaller pretilt angles in a quasi-homeotropic dis 
play. The surface pretilt angle and cell tWist angle are set at 
values that, in combination, contribute to establishing a cus 
pate singularity in the contrast ratio for normally incident 
light in response to a drive signal sWitching the liquid crystal 
device to the OFF director ?eld state that provides nearly 0% 
optical e?iciency. The OFF director ?eld state corresponds to 
a subthreshold drive level that provides for the liquid crystal 
device self-compensation for in-plane optical retardation. 
Setting the cell gap to provide substantially 100% optical 
e?iciency in response to a value of the drive signal sWitching 
the liquid crystal device to the ON director ?eld state achieves 
optimal dynamic range for the liquid crystal device. In 
another preferred embodiment, the cell thickness is chosen to 
be smaller than that Which provides 100% optical e?iciency 
to achieve, for example, a faster sWitching device. In this 
preferred embodiment, the optical ef?ciency in the OFF state 
is still near 0% While the optical e?iciency in the ON state 
may be less than 100%. 

The operation of the preferred embodiments depends upon 
the ON and OFF director ?eld states, and particularly on the 
OFF director ?eld state. The director ?eld state at a given 
applied voltage is de?ned by the orientation of the liquid 
crystal director at every point Within the liquid crystal layer. 
This can be conveniently represented by tilt angle and tWist 
angle pro?les that shoW the spatial distribution of the tilt and 
tWist angles from the top to the bottom of the liquid crystal 
layer. An example of ON and OFF director ?eld states 
expressed in this manner is given in FIGS. 8A and 8B. Direc 
tor ?eld states also exist for applied voltages lying betWeen 
the OFF applied voltage, V0, and the ON applied voltage, V1. 
These director ?eld states are known as intermediate director 
?eld states and Would be present in a device for displaying 
intermediate gray levels. In another preferred embodiment, to 
achieve faster sWitching speed, the applied voltage for OFF 
state may be initially smaller than the optimum V0 before 
settling to V0 (undershoot), and the applied voltage for ON 
state maybe initially larger than V1 before settling to V1 
(overshoot). This drive technique is Well knoWn to those 
skilled in the art and is of the type described, for example, by 
R. McCartney in the 2003 Society for Information Display 
Digest of Technical Papers, pages 1350-53. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A, 1B, 1C, and ID are cross sectional vieWs of four 
embodiments of liquid crystal devices that are used in, 
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4 
respectively, a transmissive active matrix display, a re?ective 
active matrix display, a transmissive photoactivated display, 
and a re?ective photoactivated display. 

FIG. 2 is a diagram illustrating the directors in the liquid 
crystal cell of any one of the embodiments shoWn in FIGS. 
1A, 1B, 1C, and 1D. 

FIG. 3 presents, for an example of the preferred embodi 
ments, graphs shoWing cell gap as a function of cell tWist 
angle required for each of three different pretilt angles to 
achieve 100% optical e?iciency at a 5 volt ON director ?eld 
state drive voltage. 

FIGS. 4A, 4B, 4C, and 4D present, for an example of the 
preferred embodiments, the suppression of disclination lines 
resulting from fringe ?eld effects by reducing the pretilt 
angle, and the effect of such reduction on the transmission of 
light through ON state and OFF state pixels. 

FIG. 5 presents, for an example of the preferred embodi 
ments in the case of an 80° pretilt angle, graphs shoWing 
contrast ratio as a function of cell tWist angle for three differ 
ent subthreshold drive voltages. 

FIG. 6 presents, for an example of the preferred embodi 
ments in the case of an 800 pretilt angle, a graph shoWing 
self-compensating cell tWist angle as a function of subthresh 
old drive voltage. 

FIGS. 7A and 7B present, for an example of the preferred 
embodiments, graphs that shoW on, respectively, a linear 
scale and a logarithmic scale the electro-optical transfer func 
tion in the case of a pretilt angle of 80° and a cell tWist angle 
of 140°. 

FIGS. 8A and 8B present, for an example of the preferred 
embodiments, graphs of OFF and ON director ?eld states in 
terms of, respectively, a tilt pro?le and a tWist pro?le. 

FIG. 9 presents, for an example of the preferred embodi 
ments in the case of Zero subthreshold voltage, graphs shoW 
ing contrast ratio as a function of cell tWist angle for three 
different pretilt angles. 

FIG. 10 presents, for an example of the preferred embodi 
ments in the case of Zero subthreshold voltage, graphs shoW 
ing the distribution of the liquid crystal director tilt angle 
throughout the cell, commonly called the tilt pro?le, for each 
ofpretilt angles of 75°, 80°, and 85°. 

FIG. 11 presents, for an example of the preferred embodi 
ments in Which the pretilt angle is 80° on both substrates, 
graphs shoWing the cell gap required for the liquid crystal 
con?guration to achieve 100% optical e?iciency at a 5 volt 
ON director ?eld state drive voltage as a function of the cell 
tWist angle for four different amounts of intrinsic tWist in the 
liquid crystal material. 

FIG. 12 presents, for an example of the preferred embodi 
ments in Which the subthreshold voltage is Zero and the pretilt 
angle is 80° on both substrates, graphs shoWing contrast ratio 
as a function of cell tWist angle for four different amounts of 
intrinsic tWist in the liquid crystal material. 

FIG. 13 presents, for an example of the preferred embodi 
ments in Which the pretilt angle is 80° on both substrates, tWo 
graphs shoWing contrast ratio as a function of cell tWist angle 
for the case of tWo different amounts of intrinsic tWist in the 
liquid crystal material and their respective subthreshold volt 
ages. 

FIG. 14 presents, for an example of the preferred embodi 
ments, graphs comparing as a function of cell tWist angle the 
polariZer orientation angle set to obtain 100% optical e?i 
ciency at 5 volts in a re?ective display With the corresponding 
polariZer orientation angle of a transmissive display. 

FIG. 15 presents, for an example of the preferred embodi 
ments, graphs comparing as a function of cell tWist angle the 
cell gap required for a re?ective liquid crystal device to 
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achieve 100% optical e?iciency at a 5 volt ON director ?eld 
state drive voltage With one-half of the cell gap required for a 
transmissive liquid crystal device to achieve 100% optical 
e?iciency at a 5 volt ON director ?eld state drive voltage. 

FIG. 16 presents, for an example of a re?ective device of 
the preferred embodiments in the case of an 800 pretilt angle, 
graphs showing contrast ratio as a function of cell tWist angle 
for the subthreshold drive voltages V0:0 V and V0:1.381 V. 

FIG. 17 presents, for an example a re?ective device of the 
preferred embodiments in the case of an 800 pretilt angle and 
1210 tWist angle, an iso-contrast diagram for the case in Which 
the device has no external compensation. 

FIG. 18 presents, for an example a re?ective device of the 
preferred embodiments in the case of an 800 pretilt angle and 
1210 tWist angle, an iso-contrast diagram for the case in Which 
the device is compensated With an external negative C retar 
dation plate. 

FIG. 19 presents, for an example a re?ective device of the 
preferred embodiments in the case of an 800 pretilt angle and 
1210 tWist angle, an iso-contrast diagram for the case in Which 
the device is compensated With an external negative C retar 
dation plate and an external positive A retardation plate. 

FIG. 20 presents, for an example a re?ective device of the 
preferred embodiments for the systems described in FIGS. 
17, 18, and 19, graphs of the contrast ratios as a function of the 
f number of the projection optics. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

FIGS. 1A, 1B, 1C, and 1D illustrate examples of four basic 
embodiments of liquid crystal devices. FIG. 1A shoWs a 
transmissive active matrix liquid crystal device 100 compris 
ing a liquid crystal cell positioned betWeen a ?rst linear polar 
izer 105 and a second linear polarizer 106. The liquid crystal 
cell comprises an optically transparent ?rst substrate 110, a 
?rst electrode structure 115, a ?rst alignment layer 120, a 
layer of liquid crystal material 125 the directors of Which are 
oriented in a quasi-homeotropic, self-compensating con?gu 
ration according to the present disclosure, a second alignment 
layer 130, a second electrode structure 135, and an optically 
transparent second substrate 140. Transparent ?rst substrate 
110 and transparent second substrate 140 can be made of 
glass, plastic, or other optically transmissive material. First 
electrode structure 115 is, for example, a continuous ?lm of 
indium tin oxide (ITO); and second electrode structure 135 
can be individual ITO pixel electrodes, each associated With 
one or more active elements such as a polysilicon thin ?lm 
transistor (p-Si TFT). First alignment layer 120 and second 
alignment layer 130 could be, for example, the SE-1211 
alignment polymer conditioned by unidirectionally brushing 
the polymer surface With a velvet cloth to produce a pretilt 
angle. Layer of liquid crystal material 125 couldbe composed 
of, for example, the commercial liquid crystal mixture Merck 
MLC-7026-100, Which has a negative dielectric anisotropy. 

FIG. 1B shoWs a re?ective active matrix liquid crystal 
device 200 comprising a liquid crystal cell positioned behind 
a polarizing beamsplitter 107. The liquid crystal cell com 
prises a transparent ?rst substrate 110, ?rst electrode structure 
115, ?rst alignment layer 120, layer of liquid crystal material 
125 the directors of Which are oriented in a quasi-homeotro 
pic self-compensating con?guration according to the present 
disclosure, second alignment layer 130, an optically re?ective 
second electrode structure 235, and a second substrate 240. 
Transparent ?rst substrate 110 can be made of glass, plastic, 
or other optically transmissive material. For a Liquid Crystal 
on Silicon (LCoS) display, second substrate material 240 is 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
formed from single crystal silicon. First electrode structure 
115 is, for example, a continuous ?lm of ITO, and second 
electrode structure 235 can be individual re?ective metallic 
pixel electrodes, each associated With one or more active 
elements such as a silicon transistor. First alignment layer 120 
and second alignment layer 130 could be, for example, the 
SE-121 1 alignment polymer conditioned by unidirectionally 
brushing the polymer surface With a velvet cloth to produce a 
pretilt angle. The layer of liquid crystal material 125 could be 
composed of, for example, the commercial liquid crystal 
mixture Merck MLC-7026-100. 

FIG. 1C shoWs a transmissive photoactivated liquid crystal 
device 300 comprising a liquid crystal cell positioned 
betWeen a ?rst linear polarizer 105 and a second linear polar 
izer 106. The liquid crystal cell comprises a transparent ?rst 
substrate 110, ?rst electrode structure 115, ?rst alignment 
layer 120, layer of liquid crystal material 125 the directors of 
Which are oriented in a quasi-homeotropic self-compensating 
con?guration according to the present disclosure, second 
alignment layer 130, a photoconductive layer 333, a second 
electrode structure 335, and an optically transparent second 
substrate 340. Transparent ?rst substrate 110 and transparent 
second substrate 340 can be made of glass, plastic, or other 
optically transmissive material. First and second electrode 
structures 115 and 335 are, for example, continuous ?lms of 
ITO. Photoconductive layer 333 could be, for example, 
hydrogenated amorphous silicon-carbide as described in 
Akiyama et al., Applied Optics, Vol. 32, pp. 6493-6500 
(1993). First alignment layer 120 and second alignment layer 
130 could be, for example, the SE-1211 alignment polymer 
conditioned by unidirectionally brushing the polymer surface 
With a velvet cloth to produce a pretilt angle. The layer of 
liquid crystal material 125 could be composed of, for 
example, the commercial liquid crystal mixture Merck MLC 
7026-100. 

FIG. 1D shoWs a re?ective photoactivated liquid crystal 
device 400 comprising a liquid crystal cell positioned behind 
a polarizing beamsplitter 107. The liquid crystal cell com 
prises a transparent ?rst substrate 110, ?rst electrode structure 
115, ?rst alignment layer 120, layer of liquid crystal material 
125 the directors of Which are oriented in a quasi-homeotro 
pic self-compensating con?guration according to the present 
disclosure, second alignment layer 130, a dielectric mirror 
431, a photoconductive layer 433, a second electrode struc 
ture 435, and transparent second substrate 140. Transparent 
?rst substrate 110 and transparent second substrate 140 can 
be made of glass, plastic, or other optically transmissive 
material. First and second electrode structures 115 and 435 
are, for example, continuous ?lms of ITO. Dielectric mirror 
431 is composed of many layers of transparent materials 
having altemating high and loW indices of refraction. Photo 
conductive layer 433 could, for example, be CdSe. First align 
ment layer 120 and second alignment layer 130 could be, for 
example, the SE-1211 alignment polymer conditioned by 
unidirectionally brushing the polymer surface With a velvet 
cloth to produce a pretilt angle. The layer of liquid crystal 
material 125 could be composed of, for example, the com 
mercial liquid crystal mixture Merck MLC-7026-100. 
The elements shoWn in FIGS. 1A, 1B, 1C, and 1D repre 

sent the minimum set needed to explain the principles of 
operation of the four embodiments. Other elements may be 
present in the actual displays characterized by these embodi 
ments, but for purposes of clarity, these additional elements 
have been omitted from FIGS. 1A, 1B, 1C, and 1D. For 
example, features of the pixel transistors, if any, are not given. 
LikeWise, color ?lter layers, if any, as Well as cell spacer 
elements and seal elements, are not shoWn. Added retardation 
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layers, if needed to increase contrast ratio and decrease color 
shift at oblique light incidence, are also omitted. 
A more detailed vieW of the quasi-homeotropic, self-com 

pensating con?guration of liquid crystal material 125 is given 
in FIG. 2. First conditioned alignment layer 120 and second 
conditioned alignment layer 130 are spaced apart by a cell 
gap, d, capturing a layer of nematic liquid crystal material 
having a negative dielectric anisotropy. The nematic liquid 
crystal material is a uniaxial liquid crystal Whose local optic 
axis is oriented in a direction de?ned by a vector called the 
director. An alignment surface contacting director 510 
anchored at ?rst conditioned alignment surface 120 makes a 
pretilt angle 520 With ?rst conditioned alignment surface 120. 
An alignment surface contacting director 530 anchored at 
second conditioned alignment surface 130 makes a pretilt 
angle 540 With second conditioned alignment surface 130. 
The projection of ?rst alignment surface contacting director 
510 onto ?rst conditioned alignment surface 120 de?nes a 
?rst projected alignment direction 550. The projection of 
second alignment surface contacting director 530 onto sec 
ond conditioned alignment surface 130 de?nes a second pro 
jected alignment direction 560. There is an offset angle 570 
betWeen ?rst and second projected alignment directions 550 
and 560. The range of offset angles 570 is betWeen +180o and 
—180°. A positive offset angle 570 is one in Which second 
projected alignment direction 560 is rotated counterclock 
Wise from ?rst projected alignment direction 550 When 
vieWed doWnWard along the negative z-axis, and a negative 
offset angle 570 is one in Which second projected alignment 
direction 560 is rotated clockWise from ?rst projected align 
ment direction 550 When vieWed doWnWard along the nega 
tive z-axis. A surface noncontacting director 580 makes a tilt 
angle 590 relative to alignment layer surfaces 120 and 130. A 
projection of surface noncontacting director 580 onto a plane 
parallel to alignment layer surfaces 120 and 130 de?nes a 
surface noncontacting projected alignment direction 595. 
Surface noncontacting projected alignment direction 595 
depends upon the location along the z-axis betWeen ?rst 
conditioned alignment layer surface 120 (z:d) and second 
conditioned alignment layer surface 130 (z:0). The tWist 
angle 4) of the cell is de?ned by the total angle of rotation that 
surface noncontacting projected alignment direction 595 
undergoes along the distance from z:0 to z:d. For the 
embodiments described, the cell tWist angle is equal to offset 
angle 570, With a positive offset angle 570 producing a right 
handed cell tWist angle and a negative offset angle 570 pro 
ducing a left-handed cell tWist angle. 

The simulations used to support descriptions of preferred 
embodiments disclosed assume strong azimuthal boundary 
coupling, Which means that the ?rst and second projected 
alignment directions 550 and 560 are ?xed at the time the 
surfaces are conditioned, e.g., by the brushing direction of the 
alignment polymer or the azimuthal direction of the oblique 
vacuum deposition of alignment material. HoWever, the self 
compensation principles of the present invention are equally 
applicable for cases in Which the azimuthal boundary cou 
pling is not strong. For these cases, the projected alignment 
directions 550 and 560 are in?uenced by the torques applied 
by the tWisted liquid crystal layer itself, the intrinsic tWist, and 
the electric ?eld. These effects are taken into account When 
determining the self-compensating cell tWist angle. 

The liquid crystal material itself can have an intrinsic tWist 
that can be characterized by a thickness-to-pitch ratio, d/p, 
Where “d” is the cell gap and “p” is the intrinsic pitch of the 
liquid crystal material. The intrinsic pitch, p, is the distance 
measured in a direction perpendicular to the liquid crystal 
director from beginning to end of a full 3600 rotation of the 
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8 
director When no external boundary conditions are imposed. 
An intrinsic tWist can be imparted to the nematic liquid crystal 
material by dissolving a small quantity of optically active 
material, knoWn as a chiral dopant, into the liquid crystal 
material. Chiral dopants, available from Merck expressly for 
this purpose, include R-2011 that imparts a right-handed 
intrinsic tWist to the liquid crystal and S-2011 that imparts a 
left-handed intrinsic tWist to the liquid crystal. The pitch is 
inversely proportional to the concentration of the chiral 
dopant and so can be easily modi?ed. 
The folloWing examples of preferred embodiments of liq 

uid crystal devices represent simulations using the commer 
cial LCD modeling softWare available from Shintech, Ltd., 
Japan and from Autronic-Melchers GmbH, Germany. The 
simulations use the material constants of Merck MLC-7026 
100 liquid crystal material, Which are given in Table 1 , and the 
Wavelength of light is taken to be 550 nm for the incident 
polarized light, Which is near the center of the visible spec 
trum Where the human eye is most sensitive. 

TABLE 1 

Material properties ofMerck MLC-7026-100 

name of material constant symbol value 

ordinary refractive index no 1.4833 
extraordinary refractive index n2 1.5924 
parallel dielectric constant e“ 3.7 
perpendicular dielectric constant 6L 7.6 
dielectric anisotropy A6 —3.9 
splay elastic constant kn 17.1 pN 
tWist elastic constant k22 10.3 pN 
bend elastic constant k33 15.3 pN 

For the simulations presented beloW, the optical output of 
the display device is expressed in terms of optical e?iciency, 
Which, for the case of ideal optical components, is the same as 
the transmittance of polarized light With a crossed analyzer 
for a transmissive mode device or the re?ectance of polarized 
light With a crossed analyzer (equivalent to a polarizing 
beamsplitter) for re?ective mode device. ldeal optical com 
ponents means no scattering, diffraction, or absorption in the 
layers making up display device and an analyzer that is fully 
transmissive for one polarization component and fully block 
ing for the other. For a display device With actual optical 
components, 100% optical e?iciency means that the display 
liquid crystal cell rotates the direction of polarized light by 
90° to coincide With the pass direction of the analyzer, and 0% 
optical e?iciency means that the direction of polarized light 
leaves the display liquid crystal cell unchanged and the polar 
ized light is thereafter blocked by the analyzer. For a thinner 
self-compensating cell With less than 100% ef?ciency, the 
light reaching the analyzer is generally not linearly polarized 
but rather elliptically polarized, causing some amount of light 
to be blocked by the analyzer. 
The simulation procedure carried out to obtain the opti 

mum self-compensation conditions and thus a 100% ef?cient 
ON director ?eld state and a 0% e?icient OFF director ?eld 
state is a tWo-step process. First, for a given cell tWist angle, 
the values of the cell gap and input polarizer angle that pro 
vide 100% optical e?iciency are determined under the ON 
state driving voltage, for example 5 volts. The OFF director 
?eld state under these conditions is then simulated, and the 
dark state optical e?iciency is determined. This entire process 
is repeated for other cell tWist angles, until one of them is 
found that achieves near zero optical e?iciency, i.e., self 
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compensation, at the desired subthreshold drive voltage and 
hence the highest contrast ratio. 

Example 1 

This tWo-step process is described in more detail in 
Example 1 for the case of the transmissive embodiments 
illustrated in FIGS. 1A and 1C. For Example 1, there is no 
chiral dopant present and the pretilt angles on the tWo sub 
strate surfaces are equal. In the ?rst step, an ON director ?eld 
state drive voltage V1 of 5 volts is applied across the liquid 
crystal layer. For this case of a transmissive cell With equal 
pretilt angles at both substrate surfaces, a condition to obtain 
100% optical e?iciency is the input polarization direction of 
the light making either a +45° angle or a —45° angle With 
respect to the bisector of the ?rst and second projected align 
ment directions. The polarization direction of an analyzer is 
crossed With that of the polarizer. In the ?rst step, a cell tWist 
angle is chosen and the cell gap is adjusted until the optical 
ef?ciency of the cell reaches 100%, indicating 90° polariza 
tion rotation because the analyzer is crossed With the polar 
izer. This procedure is repeated for a series of cell tWist angles 
ranging from 00 to 180°. The results are given in FIG. 3, 
Which shoWs the minimum cell gap, d, required to achieve 
100% optical ef?ciency at V1 of 5 volts for each of the three 
different pretilt angles of 75°, 80°, and 85° that Were consid 
ered. 

In the second step, an OFF director ?eld state subthreshold 
bias voltage V0 is chosen and the transmission of polarized 
light is simulated over a range of cell tWist angles using the 
appropriate cell gap determined from the ?rst step. The con 
trast ratio is de?ned as the ON director ?eld state optical 
e?iciency, Which is 100%, divided by the OFF director ?eld 
state optical ef?ciency. The tWist angle at Which the contrast 
ratio achieves a cusp-like peak is called the self-compensat 
ing tWist angle. 

The choice of pretilt angle of the quasi-homeotropic liquid 
crystal device in the preferred embodiments is characterized 
by the suppression of the disclination lines in a pixilated 
display device While maintaining the self-compensation con 
ditions. A tWo-dimensional numerical simulation program is 
used to simulate the liquid crystal director con?guration as 
Well as the optical throughput as a function of location on the 
display under the condition of alternating ON and OFF pixels, 
as shoWn in FIGS. 4A, 4B, 4C and 4D. The device in the 
examples is composed of a re?ector 720, a layer 750 of liquid 
crystal material MLC-7026-100 sandWiched betWeen pixi 
lated upper electrodes 601, 602, and 603 and a bottom loWer 
electrode 760. Simulation results are given in FIGS. 4A, 4B, 
and 4C under the conditions of zero tWist angle and pretilt 
angles of 85°, 80°, and 75°, respectively. The pixel size shoWn 
in the examples are 10 um With a pixel gap of 0.25 pm and a 
cell gap of 1.3 pm. (Pixel gap is the distance separating next 
adjacent pixilated upper electrodes.) The voltage at upper 
electrode 601 is held at 3.3V, surrounded by tWo upper elec 
trodes 602 and 603 both held at 0V. The upper electrodes next 
to upper electrodes 602 and 603 are again held at 3.3V to form 
an alternating ON and OFF pattern. The common, loWer 
electrode 760 is held at —1.7V. The steady state director struc 
ture of liquid crystal layer 750 is shoWn by an array of line 
segments. An optical throughput curve 700, calculated using 
a central Wavelength of 550 nm as a function of location in the 
display including pixels de?ned by upper electrodes 601, 
602, and 603 is shoWn at the top of each of these ?gures. 
Optical throughput curve 700 in FIG. 4A across upper elec 
trode 601 in the example shoWs a rounded, less than optimal 
50% throughput at most locations across the electrode. Curve 
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10 
700 also shoWs a minimum toWards the pixel gap next to 
electrode 602 and then a narroW peak, indicating a disclina 
tion line near the pixel gap due to fringe ?eld effects. This 
rounding off becomes less, the second, narroW throughput 
peakbecomes smaller, and the throughput dip moves closer to 
the pixel gap for the smaller 80° and 75° pretilt cases shoWn 
in FIGS. 4B and 4C, resulting in an ON state pixel that is 
brighter and free from dark defects. HoWever, as the pretilt 
angle becomes smaller as shoWn in FIG. 4B and even smaller 
as shoWn in FIG. 4C, the light leakage in the dark, OFF state 
pixels de?ned by electrodes 602 and 603 becomes signi? 
cantly greater, and in the case of the 75° pretilt case shoWn in 
FIG. 4C, the contrast ratio is reduced to approximately 5:1. 
The reduction of light leakage in the OFF state pixels at 

smaller pretilt angles can be achieved according to the pre 
ferred embodiments by introducing a tWisted director struc 
ture liquid crystal layer 750. In the example shoWn in FIG. 
4D, the device has the same structure as that shoWn in FIG. 
4C, i.e., the pretilt angle is 75°, except that the azimuthal 
angle of the liquid crystal molecules at a loWer boundary 760 
makes an angle of 145° relative to the azimuthal angle at the 
upper boundary. In the simulation for FIG. 4D, the Wave 
length of light is 395 nm and the polarizers are crossed but 
With the input polarizer transmission axis oriented to make an 
angle of 15° relative to the liquid crystal director at the upper 
boundary. These conditions provide self-compensation for 
the OFF state, Where it is seen from curve 700 of FIG. 4D that 
the optical throughput of the dark pixels de?ned by electrodes 
602 and 603 has been reduced to near zero, While at the same 
time the optical throughput of the ON pixel de?ned by elec 
trode 601 is nearly saturated and shoWs no dip in ON state 
pixel area and a very small secondary peak over the pixel gap. 
The self-compensating condition is characterized by the 

cuspate singularity in the contrast ratio vs. cell tWist angle 
curves Where the contrast ratio can exceed 1,000,000. At the 
self-compensation cell tWist angle, the liquid crystal material 
constants, subthreshold drive voltage, intrinsic tWist property, 
pretilt angles, and cell gap all cooperate to provide a director 
distribution Within the liquid crystal layer that has nearly zero 
in-plane retardation. FIG. 5 shoWs that, for the case of 0° tWist 
angle, the contrast ratios are quite loW With 324, 56, and 13 at 
the respective subthreshold voltages of 0, 1.381, and 1.796 
volts. HoWever, by selecting self-compensating cell tWist 
angles of 120°, 140°, and 160° at the respective subthreshold 
voltages of0, 1.381, and 1.796 volts, the contrast ratio can be 
increased to over 1,000,000 in each case Without sacri?cing 
the ON director ?eld state brightness. 

FIG. 6 shoWs the relationship betWeen the self-compensat 
ing cell tWist angle and the subthreshold drive voltage for the 
case of 80° pretilt angles on the tWo substrate surfaces. This 
curve is useful for determining the appropriate self-compen 
sating cell tWist angle based on the available range of drive 
voltages. For example, if the ON director ?eld state drive 
voltage V1 is 5 volts and the dynamic range of the display 
driver is 4 volts, then the OFF director ?eld state, subthresh 
old drive voltage Will be 1 volt. The curve shoWn in FIG. 6 
indicates that the cell tWist angle to achieve self-compensa 
tion at 1 volt is 130°. 

FIGS. 7A and 7B shoW the electro-optic transfer function 
for the case of 80° pretilt angles on both surfaces, a 140° tWist 
angle and a 1.381 volt subthreshold drive voltage. The linear 
scale of FIG. 7A demonstrates the capability of this con?gu 
ration to provide gray scale, and the vertical lines at 1.381 
volts and 5 volts indicate the applied voltages associated With, 
respectively, the OFF and ON director ?eld states. The large 
dip in the inverted cusp seen on the logarithmic scale of FIG. 








